The jawbone exists in a special mechanical environment where it is subjected to functional pressure including occlusal force. The internal structure and bone strength of the jawbone might change as a result of tooth loss and implant placement. Therefore, the local bone quality must be evaluated to elucidate the load environment applied to peri-implant jawbone. The present study was conducted to clarify the nanostructural anisotropy of peri-implant jawbone of beagles by quantitatively evaluating biological apatite crystallite alignment. A total of 12 beagles were divided into four groups (dentate jawbone, edentulous jawbone 3 months after tooth extraction, edentulous jawbone 3 months after placing superstructure, and edentulous jawbone 12 months after placing superstructure). Each group comprised three samples. The fourth premolar was considered as the region of interest, with ve measurement points in cortical bone around the implant. Each site was subjected to microbeam X-ray diffraction analysis to evaluate biological apatite crystallite alignment. The results revealed that biological apatite crystallite alignment had been lost in the samples taken after tooth extraction. Furthermore, in the dentate and post-implantation samples, preferential alignment was seen not only in the buccal alveolar region, but also in the infraorbital canal and nasal cavity oors. The results of this study suggested that changes of load environment resulting from dental implant treatment contribute to the expression of unique structural characteristics in peri-implant jawbone, which might affect regions relatively far from implants.
Introduction
The jawbone is a special bone in which functional pressure such as occlusal pressure is transmitted directly to the bone. Tooth dysfunction and removal are therefore known to greatly change not only the external form of alveolar bone, but also the internal structure and bone strength. Wada et al. reported morphological and elastic changes to the jawbone as a result of tooth milling 1) . Meanwhile, Bassi et al. discussed the effects of chewing load on the jawbone after nding that edentulous sites have lower bone mineral density 2) . These changes of the jawbone may be attributed to decreases in the functional pressure applied via the teeth. Kingsmill et al. also reported signi cant differences depending on the presence or absence of teeth in the jawbone, but reported almost no decrease in bone mass with aging based on research on age-related and tooth loss-related changes to the jawbone 3) . The functional pressure applied to the teeth is therefore considered vital in order to maintain jawbone homeostasis.
On the other hand, dental implants, which have become extremely popular in recent years, bond directly to the jawbone and therefore have a load transfer mechanism that greatly differs from that of teeth which bear load via periodontal ligament. Dental implants directly transmit load to the inside of the jawbone by osseointegration with the jawbone 4) . A number of recent studies have revealed that the appropriate load encourages differentiation of peri-implant tissue and formation of new bone and contributes to maintaining homeostasis of the surrounding jawbone [5] [6] [7] [8] [9] [10] [11] . On the other hand, some reports have described the possibility of lateral pressure or excessive load applied to the implant causing loss of marginal bone [12] [13] [14] . While it is essential to predict the mechanical environment in peri-implant bone, evaluation of the invisible load transfer mechanism is considered dif cult.
Bone is a passive locomotor apparatus and its structure is always optimized so that maximum strength can be exerted by the minimum amount of material 15) . Bone strength evaluation is widely used as an indicator of the state of bone in bone diseases such as osteoporosis 16) . To date, bone strength has mainly been evaluated using bone mass, i.e., bone mineral density (BMD); however, bone quality factors have been referred to in recent years as a means of evaluating mechanical properties of bone that cannot be explained with bone mass 17) . Of these bone quality factors, biological apatite (BAp) crystallite alignment exhibits strong resistance to compressive load and shows great promise in predicting load environment. BAp crystallite has a highly anisotropic structure of hexagonal unit cells and has been found to exhibit a high Young s modulus in the direction of preferential alignment 18) . Microbeam X-ray diffraction is a method used to obtain crystallization data of a material by measuring X-ray beams diffracted by the crystal lattice. It is a bone quality evaluation method that can be used to quantitatively evaluate BAp crystallite alignment in localized regions. Nakano et al. used this method to examine the ulnae, calvaria and mandibles of experimental animals and suggested site speci city of BAp crystallite alignment 19, 20) . Morioka et al. and Furuya et al. also used this method for detailed analysis of BAp crystallite alignment in human jawbone and reported that dentate mandibles exhibit a double structure on a nanoscale 21, 22) . Furthermore, Iwata et al. examined BAp crystallite alignment in edentulous jawbone and found that the preferential alignment of alveolar bone formed around the teeth was lost 23) . However, few papers have discussed the nanoscale properties of jawbone around loaded implants. Much, therefore, remains unclear about the effects of arti cially created load environments on structures surrounding the jawbone. Ohashi et al. predicted load transfer paths from the results of a three-di-mensional nite element analyses method and reported that compressive stress applied to the implant body propagates to distant sites via trabecular bone; however, this matter requires further investigation 24) . The present study was conducted to clarify the anisotropy of peri-implant bone and adjacent bone which is subjected to load, by quantitatively evaluating the crystallographic characteristics of BAp crystallite in peri-implant jawbone.
Materials and Methods

Animals
Twelve 12-month-old immunized male beagles weighing 10-15 kg and without physical abnormalities were divided into four groups after being reared for at least one week following receipt. These four groups were as follows: a dentate group euthanized without treatment (Dentate), an edentulous group euthanized 3 months after tooth extraction (Partially edentulous), an edentulous group in which implants were placed 3 months after tooth extraction, tted with a superstructure after a 3-month healing period, and euthanized 3 months later (3M), and an edentulous group in which implants were placed 3 months after tooth extraction, tted with a superstructure after a 3-month healing period, and euthanized 12 months later (12M; Fig. 1 ). The animal experiment was conducted in accordance with Tokyo Dental College Ethical Guidelines for Animal Research (A-06-0010-2).
Surgical procedure
First, the bilateral maxillary fourth premolars, rst molars and second molars were extracted in order to place the implants and avoid the effect of occlusion in the not implanted side. Prior to the experiment, the animals were premedicated with 0.2 mg/kg of ketamine hydrochloride 5% (Ketalar ® 50 for Intramuscular Injection; Sankyo Co., Ltd., Tokyo, Japan) administered intramuscularly, after which they were given an intravenous injection of 0.5 mL/kg of pentobarbital sodium 5% (Nembutal for Injection; Sumitomo Dainippon Pharma. Co., Ltd., Osaka, Japan) to induce general anesthesia. In ltration anesthesia of the operative site was then performed using xylocaine 2% (Xylocaine for Dental Use; Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan). Thereafter, the area around the mouth and oral cavity were disinfected with benzalkonium chloride 0.5% (Benzalkonium Chloride Solution; Kozakai Pharmaceutical Co., Ltd., Tokyo, Japan) and surgery was performed. An incision was made in the gingival sulcus and the mucoperiosteal ap was re ected. The tooth root was split using a diamond disc and diamond bur under sterile saline irrigation, after which the bilateral maxillary fourth premolars, rst molars and second molars were extracted using dental forceps. After a 3-month wound-healing period, a total of three implants were placed in the left maxillary molar region. Regular Neck (RN) SLA Implants (Straumann, Basel, Switzerland) with a diameter of 4.1 mm and length of 6 mm were used. An incision was then made into the alveolar crest as far as the periosteum and a mucoperiosteal ap was re ected to allow an implant cavity to be prepared using ϕ2.2, ϕ2.8 and ϕ3.5 pilot drills under sterile saline irrigation. Next, threads were formed under sterile saline irrigation and the xture was placed. A healing abutment was tted on the embedded implant and the operative eld was washed with sterile saline, after which the mucoperiosteal ap was sutured to ensure that only the healing abutment was exposed. The implants were mesiodistally placed at regular intervals. Three months later, splinted crowns were tted to each of the three implants. The superstructure was cast and manufactured using 12% gold-silver-palladium alloy (Kinpara S12; Ishifuku Metal Industry Co., Ltd., Tokyo, Japan). The general shape was not that of a natural dog tooth, but a simple cylindrical shape designed to remain as hygienic as possible (Fig. 2) . The right molar region was checked for any malocclusion and occlusal contacts were created on the superstructure so that it came into contact with two or three points on the opposing tooth. The loading condition of surrounding bone in each group is shown in Fig. 3 . After tting the contacts, the animals were given solid food. The animals were euthanized 3 or 12 months later, and samples were resected from the maxillae.
Measurement of biological apatite crystal orientation
The region of interest was established as the fourth premolar region, which had suf cient bone mass for X-ray diffraction. Five measurement points were set: point I on the infraorbital canal oor; points II and III on the nasal cavity oor and buccal cortical bone, respectively, located on the occlusal plane in the upper 1/6 of the distance from point I to the alveolar apex; points IV and V on the palatal and buccal cortical bone, respectively, located on the occlusal plane in the lower 1/6 (Fig. 4) . Quantitative analysis of BAp crystallite alignment was done using a microbeam X-ray diffraction apparatus (RINT2500 + imaging plate; Rigaku, Tokyo, Japan) with both re ection and transmission optical systems employing a Cu-Kα beam. The X-axis in the mesiodistal direction, Y-axis in the vertical direction to the occlusal plane, and Z-axis in the buccolingual direction were set as the samples axes (Fig. 5) . For the X-ray diffraction systems, tube voltage was set at 40 kV and tube current was set at 200 mA. The incident beam was a small, circular beam of 100 μm in diameter produced using a collimator. First, measurements were made in the direction of the X-axis using the re ection optical system diffraction apparatus. During this time, diffracted X-ray beams were detected using curved position sensitive proportional counter. Measurements in the direction of the Y and Z-axes were made using the transmission optical system diffraction apparatus. Measurement conditions were set according to the method developed by Nakano et al 19) . The transmission diffraction apparatus rendered diffraction ring images on an imaging plate (IP) according to diffraction lines. The degree of BAp crystallite alignment was evaluated by reading the IP with detection software (3DS; Rigaku) and calculating the intensity ratio of the two diffraction peaks (002) and (310) (Fig. 6 ).
Statistical analysis
The means of each measurement at the ve measurement points on the X, Y and Z-axes, respectively, were calculated and the Kruskal-Wallis test was performed to identify any differences. If a signi cant difference was detected, Steel s multiple comparison test was performed to identify between which groups a signi cant difference emerged. A P value of less than 0.05 was considered statistically signi cant. Figure 7 shows the BAp crystallite alignment in the direction of the X-axis at the ve points measured using the re ection diffraction apparatus in each of the four groups (Dentate, Partially edentulous, 3M and 12M). The diffraction intensity ratio of (002)/(310) of the control substance hydroxyapatite powder was 1.51. At point II, the 12M Group scored signicantly higher than all other groups for BAp crystallite alignment in the direction of the X-axis. At point III, the Dentate Group and the 12M Group scored signi cantly higher than other groups for BAp crystallite alignment in the direction of the X-axis. Figures 8 and 9 show BAp crystallite alignment in the direction of the Y and Z-axes measured at the ve points using the transmission diffraction apparatus. The diffraction intensity ratio of (002)/(310) of the control substance hydroxyapatite powder was 2.35. At point I, the 12M Group scored signi cantly higher for alignment in the direction of the Z-axis. At point II, the Dentate Group scored signi cantly higher for alignment in the direction of the Z-axis. At point III, the Den- tate Group and the 12M Group scored signi cantly higher for alignment in the direction of the Y-axis. At point IV, no significant differences were seen between any of the groups. At point V, the Dentate Group scored signi cantly higher than all other groups for alignment in the direction of the Y-axis. In addition, the 3M and 12M Groups scored signi cantly higher than the Partially edentulous Group for alignment in the direction of the Y-axis.
Results
Discussion
BAp crystallite alignment tends to improve with mechanical stress and growth, and unlike BMD, has been reported to conform sensitively to local stress distribution. Nakano et al. demonstrated through experiments in monkey jawbones that the BAp crystallite basically aligns in the mesiodistal direction of the long axis, but reported that the crystallite aligns in the direction of occlusal pressure as a result of masticatory pressure in the vicinity of teeth 19) . Meanwhile, Nagisa et al. examined BAp crystallite alignment in the alveolar and basal regions of rat jawbones, while Morioka et al. and Furuya et al. examined this in human jawbones, and reported the same results [20] [21] [22] . Following tooth extraction, the external form of the jawbone changes in response to multiple local and functional factors 25) . In the present experiment, no preferential alignment was seen in any direction at any of the sites in partially edentulous jawbones. The present ndings are in agreement with the study by Iwata et al. which reported that preferential alignment in the alveolar regions is lost due to tooth extraction 23) . Another report found that in the cranium, tooth extraction not only affected alveolar region morphology but also orbital and nasal cavity morphology as well as zygomatic bone morphology 26) . Tooth extraction may therefore also affect alignment in the infraorbital canal and nasal cavity oors in edentulous jaws. Moreover, preferential alignment was seen at point V in the 3M Group, and at points I, II, III and V in the 12M Group. Preferential alignment at these sites may re ect BAp crystallite formed following implant placement. In the occlusal direction, preferential alignment was seen in the lower region of the buccal cortical bone in the Dentate, 3M and 12M groups, and also in the higher region of buccal cortical bone in the Dentate and 12M groups. According to a study by Cattaneo et al., compressive stress applied to the maxillary molar region is primarily concentrated in the zygomatic alveolar crest 27) . This suggests that most of the vertical load applied to the maxillary teeth and implants was borne by the buccal cortical bone in the present experiment. On the other hand, no preferential alignment was seen in palatal cortical bone in the present experiment. As Gross et al. pointed out, strain trajectories of strain applied to maxillary dentition divide into a V-shaped pattern that distributes strain to the buccal and palatal sides 28) . No signi cant preferential alignment was seen on the palatal side in the present study, but the trends in this region could be clari ed by evaluating different coordinate axes.
While preferential alignment was seen in the 12M Group in the infraorbital canal oor, nasal cavity oor and upper region of the buccal cortical bone, it was not seen in the 3M Group. Gang et al. compared the mechanical properties of peri-implant bone immediately after and 21 days, 4 months and 8 months after implant placement and reported that the local hardness and elastic modulus of bone had recovered as a result of remodeling 29) . Changes in bone quality of peri-implant bone in samples taken after long-term placement of a superstructure may therefore have indirectly affected stress transfer. Moreover, different preferential alignment was seen in the Dentate and 12M groups in the infraorbital canal and nasal cavity oors. Sedat et al. reported that stress accumulation in bone tissue in a tooth-supported model was less than in an implant-supported model 30) . It can be presumed that the difference in mechanical property between periodontal and peri-implant tissues may explain the stress accumulation reported in the present study. Also, considering the report by Ohashi et al., the alignment seen in the 12M Group suggests that implant placement altered the mechanical environment 24) . Frost et al. proposed the mechanostat theory for bone modi cations that occur as a result of applying appropriate stress 31) . In effect, the samples taken from the Dentate, 3M and 12M groups may have changed as a result of bone nanostructure optimizing itself in response to the masticatory load. In addition, Kan reported that bone resorption due to pathological overload can be avoided through dissipation to distant sites of strain caused by functional pressure applied to implants 32) . The mechanical environmental changes suggested by the present experiment indicate that the decline of bone quality in peri-implant tissue could be prevented. Therefore, BAp crystallites in peri-implant bone should be aligned in the direction of local compressive stress for long-term survival of implants.
Conclusion
The structural changes caused by dental implant treatment in peri-implant jawbone not only occur at sites in contact with the implant, but also in distant sites. These changes indicate that the alignment of BAp crystallites responded to the functional pressure applied to the implant. Therefore, clinicians should choose implant placement sites in consideration of the effects of occlusal loading on the surrounding jawbone.
